Abstract: Microelectromechanical systems (MEMS) are pervasive in modern technology due to their reliability, small foot print, and versatility of function. While many of the manufacturing techniques for MEMS devices stem from integrated circuit (IC) manufacturing, the wide range of designs necessitates more varied processing techniques. Here, new details of a scanning laser based direct-write dewetting technique are presented as an expansion of previous demonstrations. For the first time, the ability to pattern a high melting temperature and high reflectance metallic thin films of Ni and Ag, respectively, on polymer substrates is reported. Novel methods for reducing the power necessary for processing highly reflective films are demonstrated by depositing very thin films of high near-infrared absorbance.
Introduction
Microelectromechanical systems (MEMS) and microfluidic devices encompass a great variety of physical designs. As such, the patterning processes utilized in MEMS fabrication must be equally as varied and versatile, expanding to frontiers beyond restrictive techniques such as traditional lithography. A great deal of research has been conducted regarding the dewetting of micro-scale thin films or nano-scale ultra-thin films because of the potential to create both periodic and free-form film structures without the need for complicated deposition, masking, and etching protocols. Moreover, dewetting may allow for a greater utilization of deposited material and can be used to impose periodic structures at small length scales at the expense of a precise control of geometry. Beyond the basic, randomized dewetting regimes that exhibit thickness-dependent periodicities [1] [2] [3] [4] , a number of researchers have conducted studies on methods to impose user-defined length scales and spatial ordering to the dewetting events. Such imposed spatial ordering can be achieved via probe-assisted perturbations [5] , stamp generated dewetting [6] [7] [8] , pre-patterned surfaces [9, 10] , and a number of other methods.
Dewetting of a liquid film occurs when the spreading pressure of a film (as determined by the surface tensions in the system) is overcome by the long-range intermolecular forces. The point at which a thin liquid film may spontaneously dewet is dependent upon the critical height, as shown in Equation (1) , where λ is the capillary length and θ e is the equilibrium contact angle of the liquid on the solid. In this regime, films may be metastable or unstable [11] . Dewetting then proceeds via two mechanisms: nucleation and the growth of holes, or spinodal dewetting. The former case may be triggered by defects in the substrate, while the latter case is characterized by the increased amplitude can involve raising the system temperature past the melting point of the metal; however, dewetting has also been observed in films while they were in the solid phase and at room temperature (~20 °C) [13] [14] [15] . Past studies have shown that the dewetting of metallic films can be induced by the use of a laser input from both defocused and focused sources [16] [17] [18] .
The use of a laser opens the possibility of a rastered laser to develop dewetted structures that may be "written" on demand. Singer et al. recently demonstrated that a focused 532 nm laser radiation can be used in conjunction with an X-Y movement stage to create dewetted polymer structures of polystyrene films deposited upon a silicon substrate [19] . In parallel, our group has demonstrated the direct-write patterning and structure formation of low melting point metal films on polymer substrates by using a high speed scanning laser [20] . Recently, Oh et al. have detailed a similar technique for plasmonic color printing on glass [21] .
More specifically to our initial work, low melting temperature bismuth and tin films deposited upon Parylene-C (Par-C) coated glass slides were patterned using a focused 1060 nm laser and highspeed galvanometer scan system. During the irradiation process, the films experienced a localized dewetting event that was initiated by melting and thermocapillary flow in the heated area. As the laser heated the target area, a thermal gradient formed beginning at the center of the focal point and radiating outward. A concurrent and parallel surface tension gradient forms in this area due to the variation of the surface tension with the temperature. This results in Marangoni flow away from the center and outward.
The process is diagramed by Figure 1 , where the dewetting event is separated into three main regions: heating, thermocapillary flow, and hole growth. The choice of laser wavelength, flux density, target material, and substrate material all play a large role in the viability of this technique to effectively create dewetted structures without damaging the underlying substrate. This is of particular importance when using polymer substrates with metal targets, since the melting point of the metal film is so high. The mechanism for direct-write dewetting using a focused near-infrared (NIR) laser radiation.
In our previous examples of the direct-write dewetting of metals, the film targets were characterized by a relatively high absorptivity in the near-infrared range and melting points comparable to the softening/degradation points of polymers such as polytetrafluoroethylene (PTFE), polyimide (PI), and Par-C. Many of these polymers are used in the micro-electronics and MEMS industries for their mechanical flexibility, high temperature thresholds, and their barrier properties [22] [23] [24] . For applications that require a greater degree of thermal conductivity, electrical conductivity, bio-compatibility or heat resistance than low Tm materials such as Bi or Sn can provide, it is more practical to use thin film compositions involving metals such as Ni, Au, Ag, or Cr. Our group has shown that layered substrates of Par-C deposited upon borosilicate glass are not damaged by nearinfrared laser radiation light at relevant processing intensities [20] . Thus, they represent a viable choice in further investigations, especially in conjunction with their excellent biocompatibility for implantable micro electrode arrays [25, 26] . With a melting point of 1455 °C, nickel's thermal, electrical, and optical properties (Table 1) are typical of the Group VIIIB elements. Nickel thin films have been used in sensors [27] and electrochemical cells [28] , and they exhibit a relatively high In our previous examples of the direct-write dewetting of metals, the film targets were characterized by a relatively high absorptivity in the near-infrared range and melting points comparable to the softening/degradation points of polymers such as polytetrafluoroethylene (PTFE), polyimide (PI), and Par-C. Many of these polymers are used in the micro-electronics and MEMS industries for their mechanical flexibility, high temperature thresholds, and their barrier properties [22] [23] [24] . For applications that require a greater degree of thermal conductivity, electrical conductivity, bio-compatibility or heat resistance than low T m materials such as Bi or Sn can provide, it is more practical to use thin film compositions involving metals such as Ni, Au, Ag, or Cr. Our group has shown that layered substrates of Par-C deposited upon borosilicate glass are not damaged by near-infrared laser radiation light at relevant processing intensities [20] . Thus, they represent a viable choice in further investigations, especially in conjunction with their excellent biocompatibility for implantable micro electrode arrays [25, 26] . With a melting point of 1455 • C, nickel's thermal, electrical, and optical properties (Table 1) are typical of the Group VIIIB elements. Nickel thin films have been used in sensors [27] and electrochemical cells [28] , and they exhibit a relatively high absorptivity in the NIR range. Conversely, Group IB elements, such as silver, are characterized by a relatively low absorptivity in the NIR range, while boasting the highest thermal and electrical conductivities of the transition metals. Nickel and silver films are representative of the extremes in high melting point and reflectivity, respectively, which are of a particular challenge to the laser dewetting on polymer substrates. Developing the direct-write dewetting of these two metals will prove essential to the progression of the technique to a wide variety of additional metals. In this regard, the effects of the higher melting temperatures were investigated with respect to any possible damage to the underlying substrate. Additionally, layered films were studied as a means to enhance the effects of NIR laser radiation and to bypass the high reflectivity of the silver thin films. 
Materials and Methods
Pre-cleaned borosilicate glass microscope slides were coated with a 22 µm thick layer of Par-C via CVD methods, as previously described [20] . These coated slides served as substrates for a number of single and multi-layered metal films. Ni films were sputtered at thicknesses of 320 nm and 640 nm. Ag films were evaporated onto the described substrates at a thickness of 405 nm. Multi-layered films were created by evaporating 45 nm of Bi onto 405 nm of Ag. Additional multi-layered films were created by sputtering 45 nm of Ni onto 405 nm of Ag.
All film processing was conducted with an integrated laser processing system consisting of a near-infrared (NIR) laser (SPI redPOWER R4-HS), an in-line camera system (uEye GigE), a galvanometer-driven scanner (Scanlab IntelliSCAN 20) with an f-theta telecentric lens (115 mm effective focal length) and a custom-made sample stage. The sample stage allowed for the manual adjustment of the z-axis as well as tilt-leveling around the x-and y-axis. The telecentric optics ensured a consistent laser intensity through a flat focal plane. Laser exposure was conducted in both the pulsed-mode and in the continuous-wave exposure, depending on the chemistry of the target film and substrate. While in the pulsed-mode, the laser ran at 10 W, with pulse lengths of 2.5 µs and an exposure frequency of 100 kHz. The beam waist was~34 µm in diameter under these conditions, as calculated by Equation (2) , where M 2 is the beam quality factor (< 1.1), λ is the wavelength (1060 nm), f is the effective focal length (115 mm), r i is the beam radius as it enters the lens (2.535 mm), and r 0 is the radius of the beam at the focal point.
With this beam spot, the processing parameters resulted in a pulse fluence of 2.75 J/cm 2 . At speeds of 0.2 m/s, the normalized scan energy was calculated to be 12.5 J per meter scanned. Under a continuous wave (CW) operation, scan speeds were increased an order of magnitude to 2.0 m/s to compensate for the lack of cooling between the pulses. With an output power of 25 W, the normalized scan energy remained at 12.5 J per meter scanned for the CW operation, but retained higher laser intensities to overcome high reflectivity barriers, such as in the case of Ag films. Layered films were dewetted with a laser power of 10 W and speeds of 1 m/s and 3 m/s, which resulted in scan energies of 10 J and 3.33 J per scanned meter, respectively. Figure 2 . Examples of similar Ni films deposited to only 320 nm onto borosilicate glass or Par-C can be found in Figure S1 of the Supplementary Material. 100 µm and 40 µm pitch lengths were scanned into the films revealing dewetted trenches and bordering ridges as a result of the movement of the molten metal along the polymer surface. Associated profilometry scans of the two sets of lines reveal the characteristic film-ridge-trench-ridge-film profile, similar to that observed in earlier studies focused on low-melting temperature metal films [20] . The low trenches represent the surface of Par-C exposed after the rastering laser induced complete dewetting of the molten Ni. The morphology of the ridges created by the displaced material located alongside the trenches parallel to the motion of the laser beam is, in large part, uniform; however, there are signs of a continued morphological evolution along the ridge into a series of beads. 
Results
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Results
Directed-Dewetting of Ni and Ag on Par-C Substrates
Nickel
A typical set of metallic lines fabricated from 640 nm Ni thin films on Par-C substrates are pictured in Figure 2 . Examples of similar Ni films deposited to only 320 nm onto borosilicate glass or Par-C can be found in Figure S1 of the Supplementary Material. 100 μm and 40 μm pitch lengths were scanned into the films revealing dewetted trenches and bordering ridges as a result of the movement of the molten metal along the polymer surface. Associated profilometry scans of the two sets of lines reveal the characteristic film-ridge-trench-ridge-film profile, similar to that observed in earlier studies focused on low-melting temperature metal films [20] . The low trenches represent the surface of Par-C exposed after the rastering laser induced complete dewetting of the molten Ni. The morphology of the ridges created by the displaced material located alongside the trenches parallel to the motion of the laser beam is, in large part, uniform; however, there are signs of a continued morphological evolution along the ridge into a series of beads. Yellow shading has been used to demark the polymer substrate in the profile; grey shading has been used to demark the native Ni-film layer.
Three-dimensional mapping (Figure 3 ) of the linear structures provides evidence of Ni dewetting rather than ablation. Any material displaced above the baseline surface of the Ni film is tallied as a "positive" volume. The volume is then compared to the voids occurring below the baseline surface, which are tallied as a "negative" volume. For the 100 μm pitched array, only 11.5% of the positive volume remained unaccounted for, suggesting that the clear majority of the Ni film is conserved. The excess positive volume is most likely due to minor shadowing effects from the shape of the probe and the shape of the features, where the negative volume remains unmeasured.
The evolution of the Ni films after dewetting were achieved by a FESEM analysis of Ar ion cross sectioned samples embedded in Ag epoxy. The FESEM analysis (Figure 4 ) of the 100 μm array reveals the evolution of the Ni films after the dewetting action. Each FESEM image displays an area of newly exposed substrate surrounded by an accumulation of the dewetted Ni material ridge, with no residual Ni present in the dewetted area. The reader is directed back to Figure 1 for a general schematic of the structure cross-section. Yellow shading has been used to demark the polymer substrate in the profile; grey shading has been used to demark the native Ni-film layer.
Three-dimensional mapping (Figure 3 ) of the linear structures provides evidence of Ni dewetting rather than ablation. Any material displaced above the baseline surface of the Ni film is tallied as a "positive" volume. The volume is then compared to the voids occurring below the baseline surface, which are tallied as a "negative" volume. For the 100 µm pitched array, only 11.5% of the positive volume remained unaccounted for, suggesting that the clear majority of the Ni film is conserved. The excess positive volume is most likely due to minor shadowing effects from the shape of the probe and the shape of the features, where the negative volume remains unmeasured. The solidification of the dewetted and displaced nickel occurs underneath the remaining film. The partial delamination of the film at the edge of the laser path can be observed in Figure 4a , but it is unclear whether the delamination occurs before or after the melting occurs. This results in bead formation underneath the film rather than on top-a sharp contrast to the morphology of other dewetting thin film examples [20, 37] . No films other than the Ni films exhibited the same type of Figure 3 . 3D profilometry mapping of a Ni linear array formed by directed dewetting with a spacing of 100 µm. "Negative" and "Positive" relate to the surface of the original Ni film. Of the accounted volume, an 11.5% excess positive volume remains unaccounted for after the dewetting process. This is attributed to shadowing effects from the measurement and the shape of the features.
The evolution of the Ni films after dewetting were achieved by a FESEM analysis of Ar ion cross sectioned samples embedded in Ag epoxy. The FESEM analysis (Figure 4 ) of the 100 µm array reveals the evolution of the Ni films after the dewetting action. Each FESEM image displays an area of newly exposed substrate surrounded by an accumulation of the dewetted Ni material ridge, with no residual Ni present in the dewetted area. The reader is directed back to Figure 1 for a general schematic of the structure cross-section. The solidification of the dewetted and displaced nickel occurs underneath the remaining film. The partial delamination of the film at the edge of the laser path can be observed in Figure 4a , but it is unclear whether the delamination occurs before or after the melting occurs. This results in bead formation underneath the film rather than on top-a sharp contrast to the morphology of other dewetting thin film examples [20, 37] . No films other than the Ni films exhibited the same type of The solidification of the dewetted and displaced nickel occurs underneath the remaining film. The partial delamination of the film at the edge of the laser path can be observed in Figure 4a , but it is unclear whether the delamination occurs before or after the melting occurs. This results in bead formation underneath the film rather than on top-a sharp contrast to the morphology of other dewetting thin film examples [20, 37] . No films other than the Ni films exhibited the same type of inverted dewetting, nor did any films exhibit delamination to the same extent. Other films containing some portion of Ni are discussed below, showing some delamination immediately adjacent to the laser path. As the pitch is lowered to 40 µm in Figure 4b , the dewetted bead becomes nearly symmetrical around the non-melted film to form a "dumbbell" cross-section created out of two adjacent laser scans. The unprocessed film in between the 40 µm pitch ridges is also delaminated and, due to the small pitch, it extends all the way across to the next ridge formation. The ridges themselves appear to stay adhered and reside in small indentations within the Par-C surface that were most likely created during the dewetting action. Both cross-sections also exhibit a sub-micron porosity formed in the ridges of the dewetted material. No other investigated material exhibited such a porosity. The voids that are observed in both sets of Ni linear arrays most likely arise from the degradation or outgassing of the polymer at the interface, as no voids are visible in the original, non-dewetted and displaced Ni film. The gas evolution from the surface of the polymer may play an important role by protecting the Par-C from the intense heat of melting Ni through the presence of a thermally insulating gas, similar in consequence to the Leidenfrost effect [38] . In addition, the gas formation may be responsible for the aforementioned "delamination" of the film from the surface prior to melting. In the future, it would be of interest to observe and possibly verify this process through an in-situ characterization.
To achieve well-defined dewetted structures in metal films deposited on polymer substrates, the preservation of the polymer substrate emerges as one of the major hurdles. This is especially true when processing high-melting point metal films. Par-C has a relatively low degradation temperature of 290 • C compared to the 1455 • C melting point of Ni; therefore, there is a large risk of substrate degradation during the dewetting process. While optical micrographs do not show any apparent charring or degradation within the exposed polymer, some deformation of the substrate surface may be expected due to the polymer's thermoplastic behavior, in addition to the aforementioned evidence of surface vaporization.
Profilometry scans (Figure 2b ) and cross-section micrographs (Figure 4b ) on the 40 µm pitched array demonstrate the existence of deformation of the polymer surface via the wavy appearance in the trench area between the dewetted nickel ridges. Similar heat induced deformations are not observed in the profiles of the 100 µm pitched array (Figure 2a) , likely due to a lower overall heat concentration and greater thermal conductivity of the larger remaining metal digits.
In the case of short-pitched laser scans, higher concentrations of heat accumulate, expose the Par-C to higher peak temperatures, and lead to the deformation observed in the 40 µm pitch vs. the 100 µm pitch. Increasing the wait time between the laser passes, or alternating the scans may provide a greater amount of cooling; however, a more effective solution would be to use a lower power setting beyond the capabilities of the present laser system.
Silver
Processing Ag films in a similar fashion to Ni also leads to a melt and dewet event. While Ag has a relatively high melting point (but lower than Ni), the challenges are exacerbated by the higher inherent reflectivity of Ag vs. Ni, (> 95% vs. < 75%, respectively) at a 1060 nm wavelength. In addition, Ag exhibits the highest thermal conductivity of all the metals. The latter is detrimental as higher laser flux densities are required for the initial melting, but also helpful as the heat-induced damage of the Par-C substrate will be decreased by the rapid expulsion of heat after dewetting. To compensate for the increased reflectivity and thermal conductivity, the laser was operated in a continuous wave mode at a power of 25 W, which delivered a higher incident intensity to the target film. The intensity overcame the reflectivity and allowed the melting and subsequent dewetting process to take place. The use of high-speed scanning prevented the destruction of the underlying polymer substrate. The morphology of the film and substrate after the dewetting event is displayed in Figure 5 . While the gross destruction of the polymer substrate has been avoided, there are clear ripples within the exposed polymer substrate that extend out past the ridges formed from the dewetted material. The ripples are clear deformations of the Par-C, but it is unclear whether they form within the polymer first and transfer to the deposited metal film, or if the metal film contracts and forms the ripples during the rapid cooling associated with the laser processing.
Appl. Sci. 2019, 9, x 7 of 15 first and transfer to the deposited metal film, or if the metal film contracts and forms the ripples during the rapid cooling associated with the laser processing. As seen in Figure 2 , the morphology of Ni films tends toward continuous or semi-continuous ridges along the length of the trench; however, the dewetted Ag films in Figure 5 show the formation of more distinct spheres-most likely due to a faster instability growth relative to the other films. Similar instabilities have been observed in the rims of dewetting holes in polymer films and are analogous to Plateau-Rayleigh instabilities [39] [40] [41] . As Choi and Newby pointed out in their investigations of such rim instabilities, their growth rate, q, is described using Equation (3).
= 6 (3)
where γm is the surface tension of the liquid, R0 is the radius of the hole formed, and μl is the viscosity of the liquid. The authors describe a positive correlation between the dynamic contact angle of the dewetting film and the growth rate of the perturbations. The observed contact angles of the dewetted Ag ridges ranged between 130° and 155°, which is in line with the high surface tension of Ag noted in Table 1 . A similar analysis suggests that the growth rate of the instabilities is larger within the Ag film ridges than the rate exhibited by the Bi or Sn films when deposited upon Par-C [20] . The growth rate of the instability may be hastened by the high thermal conductivity of the Ag film. During scanning, there exists a thermal gradient both perpendicular and parallel to the direction of the scanning. Similar gradients have been studied during the high-speed welding of metal plates using a laser with beam qualities on par with the current system [42] .
To prove that Ag was displaced, as opposed to being ablated, an accounting of the film volume was achieved using profilometry ( Figure 6 ) in a similar way as shown for Ni (Figure 3) . The accounting of the displaced volume ( Figure 6 ) reveals that only 7.9% of the excess positive displaced volume is left unaccounted, proving a displacement via dewetting vs. that of an ablation process. The 7.9% discrepancy may be explained by small shadowing effects created by the aforementioned spherical accumulations along the dewetted Ag ridges, as well as the measurement variation of the profilometer and/or ablation of a small amount of Par-C.
The cross sections of the dewetted Ag digits are presented in Figure 7 . Unlike the previously described Ni film, the dewetted ridges show no signs of porosity within the beads formed by the displaced material or film delamination. The absence of the pores may be a result of the lower melting point and higher thermal conductivity of the Ag relative to Ni, thus reducing the heat load on the As seen in Figure 2 , the morphology of Ni films tends toward continuous or semi-continuous ridges along the length of the trench; however, the dewetted Ag films in Figure 5 show the formation of more distinct spheres-most likely due to a faster instability growth relative to the other films. Similar instabilities have been observed in the rims of dewetting holes in polymer films and are analogous to Plateau-Rayleigh instabilities [39] [40] [41] . As Choi and Newby pointed out in their investigations of such rim instabilities, their growth rate, q, is described using Equation (3).
where γ m is the surface tension of the liquid, R 0 is the radius of the hole formed, and µ l is the viscosity of the liquid. The authors describe a positive correlation between the dynamic contact angle of the dewetting film and the growth rate of the perturbations. The observed contact angles of the dewetted Ag ridges ranged between 130 • and 155 • , which is in line with the high surface tension of Ag noted in Table 1 . A similar analysis suggests that the growth rate of the instabilities is larger within the Ag film ridges than the rate exhibited by the Bi or Sn films when deposited upon Par-C [20] . The growth rate of the instability may be hastened by the high thermal conductivity of the Ag film. During scanning, there exists a thermal gradient both perpendicular and parallel to the direction of the scanning. Similar gradients have been studied during the high-speed welding of metal plates using a laser with beam qualities on par with the current system [42] . To prove that Ag was displaced, as opposed to being ablated, an accounting of the film volume was achieved using profilometry ( Figure 6 ) in a similar way as shown for Ni (Figure 3) . The accounting of the displaced volume ( Figure 6 ) reveals that only 7.9% of the excess positive displaced volume is left unaccounted, proving a displacement via dewetting vs. that of an ablation process. The 7.9% discrepancy may be explained by small shadowing effects created by the aforementioned spherical accumulations along the dewetted Ag ridges, as well as the measurement variation of the profilometer and/or ablation of a small amount of Par-C. To avoid the high intensity operation needed to overcome the reflectivity of the Ag, Ag films were coated with a 45 nm absorption layer of Bi or Ni to lower their reflectivity. The adsorption layers were kept to 10% of the thickness of the base silver film. Line arrays with a 100 μm pitch were dewetted into both types of layered films. Initial dewetting trials were performed using a 50 kHz, 5 μs processing regime and scanned at various speeds. Figures S2 and S3 in the Supplementary Material provide examples of the different speeds used in the resulting edge qualities. By doubling the frequency and halving the pulse duration, the energy per meter values were kept the same, while also giving slightly better edge qualities. The cross-sectional FESEM images can be seen in Figure 8 ; the edge quality is featured in Figure 9 . Similarities can be seen between the two types of layered films. Ridge formations appear to flatten and widen to a greater degree relative to the uncoated Ag films of Figure 7 , but still exhibit larger cross-sectional heights compared to the original film height.
The metal films were characterized using energy dispersive x-ray spectroscopy (EDS) elemental maps to identify the distribution of the metals after dewetting. Figure 9 displays surface maps (topdown view) of the post-processed multi-layered films. For both films, there is evidence of a relatively uniform distribution of the absorption metal (Bi or Ni) among the Ag. Because of the penetration depth of approximately 1 μm of the EDS analysis, it is not possible to determine the surface vs. bulk distribution of the elements. The cross sections of the dewetted Ag digits are presented in Figure 7 . Unlike the previously described Ni film, the dewetted ridges show no signs of porosity within the beads formed by the displaced material or film delamination. The absence of the pores may be a result of the lower melting point and higher thermal conductivity of the Ag relative to Ni, thus reducing the heat load on the underlying substrate and reducing vaporization at the metal-polymer interface. Furthermore, the increased thermal conductivity quickly dissipates the high heat concentration at the exposure point, leading to less substrate degradation. Like the pure Ni films, there is no visible destruction of the Par-C substrate-even in the face of a much higher laser intensity. To avoid the high intensity operation needed to overcome the reflectivity of the Ag, Ag films were coated with a 45 nm absorption layer of Bi or Ni to lower their reflectivity. The adsorption layers were kept to 10% of the thickness of the base silver film. Line arrays with a 100 μm pitch were dewetted into both types of layered films. Initial dewetting trials were performed using a 50 kHz, 5 μs processing regime and scanned at various speeds. Figures S2 and S3 in the Supplementary Material provide examples of the different speeds used in the resulting edge qualities. By doubling the frequency and halving the pulse duration, the energy per meter values were kept the same, while also giving slightly better edge qualities. The cross-sectional FESEM images can be seen in Figure 8 ; the edge quality is featured in Figure 9 . Similarities can be seen between the two types of layered films. Ridge formations appear to flatten and widen to a greater degree relative to the uncoated Ag films of Figure 7 , but still exhibit larger cross-sectional heights compared to the original film height.
The metal films were characterized using energy dispersive x-ray spectroscopy (EDS) elemental maps to identify the distribution of the metals after dewetting. Figure 9 displays surface maps (topdown view) of the post-processed multi-layered films. For both films, there is evidence of a relatively uniform distribution of the absorption metal (Bi or Ni) among the Ag. Because of the penetration depth of approximately 1 μm of the EDS analysis, it is not possible to determine the surface vs. bulk To avoid the high intensity operation needed to overcome the reflectivity of the Ag, Ag films were coated with a 45 nm absorption layer of Bi or Ni to lower their reflectivity. The adsorption layers were kept to 10% of the thickness of the base silver film. Line arrays with a 100 µm pitch were dewetted into both types of layered films. Initial dewetting trials were performed using a 50 kHz, 5 µs processing regime and scanned at various speeds. Figures S2 and S3 in the Supplementary Material provide examples of the different speeds used in the resulting edge qualities. By doubling the frequency and halving the pulse duration, the energy per meter values were kept the same, while also giving slightly better edge qualities. The cross-sectional FESEM images can be seen in Figure 8 ; the edge quality is featured in Figure 9 . Similarities can be seen between the two types of layered films. Ridge formations appear to flatten and widen to a greater degree relative to the uncoated Ag films of Figure 7 , but still exhibit larger cross-sectional heights compared to the original film height.
The metal films were characterized using energy dispersive x-ray spectroscopy (EDS) elemental maps to identify the distribution of the metals after dewetting. To verify the bulk distribution of the metals after the dewetting and subsequent displacement, similar EDS maps were performed on the cross sections of the metal displaced in the form of the "ridge". In the case of the Bi-coated sample, the Bi top film is incorporated within the bulk of the displaced metal, as clearly seen in Figure 10c . The low Tm Bi film will melt first, and according to the phase diagram the Bi-Ag system exhibits a small degree of Bi solubility in Ag above 175 °C [43] . As the processing induces very fast cooling rates, it could be that a limited degree of Bi solubility in Ag occurs through super-cooling.
In sharp contrast to the Bi absorption layer scenario, when using the Ni absorption layer, the underlying Ag will tend to melt prior to any thermocapillary action of the Ni. Thus, we expect a movement of the Ag film without mixing of the Ni film. The EDS of the dewetted areas confirm our expectations. In general, we observe a mixing of Bi and Ag in Figure 10c , but with a significant phase segregation of Ni (Figure 10f) . Ni is seen nearly encapsulating the Ag core structure of the displaced metal. To verify the bulk distribution of the metals after the dewetting and subsequent displacement, similar EDS maps were performed on the cross sections of the metal displaced in the form of the "ridge". In the case of the Bi-coated sample, the Bi top film is incorporated within the bulk of the displaced metal, as clearly seen in Figure 10c . The low Tm Bi film will melt first, and according to the phase diagram the Bi-Ag system exhibits a small degree of Bi solubility in Ag above 175 °C [43] . As the processing induces very fast cooling rates, it could be that a limited degree of Bi solubility in Ag occurs through super-cooling.
In sharp contrast to the Bi absorption layer scenario, when using the Ni absorption layer, the underlying Ag will tend to melt prior to any thermocapillary action of the Ni. Thus, we expect a movement of the Ag film without mixing of the Ni film. The EDS of the dewetted areas confirm our expectations. In general, we observe a mixing of Bi and Ag in Figure 10c , but with a significant phase segregation of Ni (Figure 10f) . Ni is seen nearly encapsulating the Ag core structure of the displaced metal.
In both cases, the absorption film was a successful technique to lower the relatively high 12.5 To verify the bulk distribution of the metals after the dewetting and subsequent displacement, similar EDS maps were performed on the cross sections of the metal displaced in the form of the "ridge". In the case of the Bi-coated sample, the Bi top film is incorporated within the bulk of the displaced metal, as clearly seen in Figure 10c . The low T m Bi film will melt first, and according to the phase diagram the Bi-Ag system exhibits a small degree of Bi solubility in Ag above 175 • C [43] . As the processing induces very fast cooling rates, it could be that a limited degree of Bi solubility in Ag occurs through super-cooling.
In sharp contrast to the Bi absorption layer scenario, when using the Ni absorption layer, the underlying Ag will tend to melt prior to any thermocapillary action of the Ni. Thus, we expect a movement of the Ag film without mixing of the Ni film. The EDS of the dewetted areas confirm our expectations. In general, we observe a mixing of Bi and Ag in Figure 10c , but with a significant phase segregation of Ni (Figure 10f ). Ni is seen nearly encapsulating the Ag core structure of the displaced metal.
In both cases, the absorption film was a successful technique to lower the relatively high 12.5 J/m scan line energy required to dewet the highly reflective Ag films. The addition of the Bi NIR absorption film enables a decrease to 10 J/m, while the addition of a nickel NIR absorption film enabled a very significant decrease to 3.33 J/m. NIR absorption layers could enable 1060 nm processing of other highly reflective metals such as gold, aluminum, or copper, with a minimal change in the base composition. In addition, the results suggest that a coating of a high absorption film with a similar T m to the high reflectance film would be optimal.
Appl. Sci. 2019, 9, x 10 of 15 processing of other highly reflective metals such as gold, aluminum, or copper, with a minimal change in the base composition. In addition, the results suggest that a coating of a high absorption film with a similar Tm to the high reflectance film would be optimal. Figure 10 . Cross section EDS maps of the dewetted and displaced "ridge" portion of (a,b,c) Bi-Ag layered films and (d,e,f) Ni-Ag layered films after the dewetting process described in the text. The EDS shows a contrast in the elemental distributions. A segregated displaced layer of Ni (f) is shown to encapsulate the displaced Ag shown in (e) during the dewetting process of the Ni/Ag films. This is in contrast to the mixed phase of Bi with Ag for the dewetted Bi/Ag films. The arrow indicates the dewetted and displaced metal "ridge". The other Ag is from the conductive epoxy utilized for the specimen preparation.
Complex Pattern Direct Dewetting of Ni and Ag Films
Ultimately, the advantage of using the scan-system in the dewetting process manifests in the ability to quickly fabricate complicated and free-form shapes, such as one would want for microelectrodes or microfluidic channels. To demonstrate such effectiveness, inter-digit electrode (IDE) pairs were both patterned into single-layer sets of films. By measuring the electronic resistivity between the two electrodes, we can characterize the extent to which dewetting occurs, while also demonstrating a moderately complex pattern design. Figure 11 presents an example of such an IDE created in Ag films. Each electrode was connected to 45 inter-digits, with 30 μm spacing and an 80 μm width. The spacing between the digits represents a single pass of the laser. The resistance within the unprocessed area was measured using an ohmmeter at various points throughout the film prior to processing to establish the film's connectivity. After processing the film into the dewetted IDE, two-wire resistance measurements across the two electrode pads generated values > 1 G-Ohm. Therefore, it is concluded that the dewetting action proceeds completely and does not leave any percolated conductive metal or by-products. The EDS maps presented in Figure 9 also confirm the lack of any significant amount of residual metal within the trench area after processing. An inspection under an optical microscope and under SEM (Figure 11a ) appeared to show that all the inter-digits Figure 10 . Cross section EDS maps of the dewetted and displaced "ridge" portion of (a-c) Bi-Ag layered films and (d-f) Ni-Ag layered films after the dewetting process described in the text. The EDS shows a contrast in the elemental distributions. A segregated displaced layer of Ni (f) is shown to encapsulate the displaced Ag shown in (e) during the dewetting process of the Ni/Ag films. This is in contrast to the mixed phase of Bi with Ag for the dewetted Bi/Ag films. The arrow indicates the dewetted and displaced metal "ridge". The other Ag is from the conductive epoxy utilized for the specimen preparation.
Ultimately, the advantage of using the scan-system in the dewetting process manifests in the ability to quickly fabricate complicated and free-form shapes, such as one would want for microelectrodes or microfluidic channels. To demonstrate such effectiveness, inter-digit electrode (IDE) pairs were both patterned into single-layer sets of films. By measuring the electronic resistivity between the two electrodes, we can characterize the extent to which dewetting occurs, while also demonstrating a moderately complex pattern design. Figure 11 presents an example of such an IDE created in Ag films. Each electrode was connected to 45 inter-digits, with 30 µm spacing and an 80 µm width. The spacing between the digits represents a single pass of the laser. The resistance within the unprocessed area was measured using an ohmmeter at various points throughout the film prior to processing to establish the film's connectivity. After processing the film into the dewetted IDE, two-wire resistance measurements across the two electrode pads generated values > 1 G-Ohm. Therefore, it is concluded that the dewetting action proceeds completely and does not leave any percolated conductive metal or by-products. The EDS maps presented in Figure 9 also confirm the lack of any significant amount of residual metal within the trench area after processing. An inspection under an optical microscope and under SEM (Figure 11a ) appeared to show that all the inter-digits were continuous; however, electrical conductivity was not confirmed via direct-measurement due to the small size of the features. The lift-off of the Par-C polymer substrate from the glass slide backbone produced an IDE patterned onto a flexible, free-standing polymer, as seen in Figure 11b ,c.
The use of the scanner allowed for successively shifted, overlapping passes of the laser beam within a single pattern. This type of scanning induces a buildup of displaced metal along the dewetting front. Previous work on Bi and Sn thin films demonstrated that this buildup can be manipulated via different scanning geometries to produce structures many times thicker than the original deposited film [19] . Attempts to perform such "push" dewetting on Ni films were realized, but within certain limitations. Figure 12b diagrams the laser scanning procedure, where three scans are carried out with partial overlap in the specified numerical order. The thickness measurements (Figure 12a ) demonstrate a designated preferential dewetting to one side of the exposure trenches. For example, a single laser pass across a 0.64 µm Ni film resulted in displaced Ni ridge heights ranging between 3.6 µm and 4.3 µm, while a multi-pass process will result in ridge heights between 5.3 µm and 7.1 µm, approximately 10X the value of the original Ni film thickness. A side effect of the pushing procedure manifests as a smoothing of the edge profile of the trench/ridge interface. This is most pronounced in Figure 12b , where the non-pushed edge appears slightly scalloped on the left, while the built-up edge at the end of the dewetting front on the right (boxed) presents as relatively smooth. The use of the scanner allowed for successively shifted, overlapping passes of the laser beam within a single pattern. This type of scanning induces a buildup of displaced metal along the dewetting front. Previous work on Bi and Sn thin films demonstrated that this buildup can be manipulated via different scanning geometries to produce structures many times thicker than the original deposited film [19] . Attempts to perform such "push" dewetting on Ni films were realized, but within certain limitations. Figure 12b diagrams the laser scanning procedure, where three scans are carried out with partial overlap in the specified numerical order. The thickness measurements (Figure 12a ) demonstrate a designated preferential dewetting to one side of the exposure trenches. For example, a single laser pass across a 0.64 μm Ni film resulted in displaced Ni ridge heights ranging between 3.6 μm and 4.3 μm, while a multi-pass process will result in ridge heights between 5.3 μm and 7.1 μm, approximately 10X the value of the original Ni film thickness. A side effect of the pushing procedure manifests as a smoothing of the edge profile of the trench/ridge interface. This is most pronounced in Figure 12b , where the non-pushed edge appears slightly scalloped on the left, while the built-up edge at the end of the dewetting front on the right (boxed) presents as relatively smooth. 
Discussion
The results have shown that it is possible to extend the thermocapillary directed dewetting technique beyond low-melting point metals to metallic films with very high melting points and a high reflectivity. Despite the high melting temperature of Ni and high reflectivity of Ag, dewetted features on polymer substrates are possible under scanned, near-infrared laser heating. Use of a powerful, single-mode laser with a high-beam quality remains essential for successful patterning, as the Gaussian spatial distribution of intensity drives the flow.
During the laser exposure of Ni and Ag films deposited on a Par-C substrate, a very thin polymer-vaporization layer likely forms at the metal-polymer interface. Although evidence was only observable in the extreme case of Ni, this may be a prevalent feature of many of the dewetting events and may indeed be a critical factor by providing thermal insulation at the metal-polymer interface during the process. While the specific heat of Par-C is approximately double that of Ni [35] , the thermal conductivity of Par-C is three orders of magnitude lower than Ni (see Table 1 ), which may explain why the Par-C does not incur more damage while in contact with the dewetting metal. The thermoplastic effects that are seen, such as the deformation of the Par-C, indicate that there is a significant temperature rise at the interface between the plastic and metal layers; however, this is likely a function of the speed of dewetting. The laser can, in certain instances, impart more damage to the Par-C than the dewetting metal. This may occur if the processing speed is slowed down, thus allowing the metal layer to dewet and exposing the Par-C directly to the laser energy for an increasing amount of time. The processing settings must consider the temperature increase of the metal, the temperature increase of the Par-C, and the absorptivity of the metal layers. As such, this deserves further characterization.
In this study, thin absorption layers are shown to decrease the need for an exceptionally high average laser power output for highly reflective films such as Ag; however, the use of visible or ultraviolet laser radiation may offer another avenue for approach. Ag experiences an increase in theoretical absorptivity for wavelengths at the near-UV range to nearly 24%-a stark difference from the < 5% observed in the near-IR range. Wavelengths in the mid-UV range, such as those from a frequency quadrupled Nd:YAG laser (266 nm), are absorbed at a theoretical 75% and therefore would not require the high average power exerted by the current laser system. Shorter wavelength lasers would also allow for smaller ultimate spot sizes and thus higher resolution features with a more effective dewetting on thinner films. One drawback to using a UV laser source may manifest in the absorption properties of the polymer substrate and the subsequent damage. This technique is in its infancy; as such, the full range of processing parameters and material combinations is yet to be explored. The limits in the feature size and edge quality will have to be explored using various Figure 12 . A color-enhanced example of a push structure using 640 nm nickel films on Par-C substrates, as characterized by (a) profilometry and (b) FESEM. Successive, overlapping laser scans induce a progressive and directional dewetting front in the nickel film that produces thicker, smoother ridges without the need for additional depositions. Yellow demarks the Par-C, while grey demarks the original surface of the nickel. The dotted square highlights the pushed ridge.
In this study, thin absorption layers are shown to decrease the need for an exceptionally high average laser power output for highly reflective films such as Ag; however, the use of visible or ultraviolet laser radiation may offer another avenue for approach. Ag experiences an increase in theoretical absorptivity for wavelengths at the near-UV range to nearly 24%-a stark difference from the < 5% observed in the near-IR range. Wavelengths in the mid-UV range, such as those from a frequency quadrupled Nd:YAG laser (266 nm), are absorbed at a theoretical 75% and therefore would not require the high average power exerted by the current laser system. Shorter wavelength lasers would also allow for smaller ultimate spot sizes and thus higher resolution features with a more effective dewetting on thinner films. One drawback to using a UV laser source may manifest in the absorption properties of the polymer substrate and the subsequent damage. This technique is in its infancy; as such, the full range of processing parameters and material combinations is yet to be explored. The limits in the feature size and edge quality will have to be explored using various geometries, substrate roughness values, and materials choices. Still, the technique offers the possibility of creating structures of varied thicknesses without additional deposition coatings, masks, or etching steps. In some ways, this approach represents a micro-additive fabrication technique. Eventually, the technique may be used in conjunction with traditional lithographic processes, or perhaps in place of some.
Conclusions
It has been demonstrated that at a very high melting point, high reflectivity metals such as Ni and Ag, respectively, may be dewetted into patterns via a scanning laser beam on flexible polymer substrates. High average powers are used to quickly heat the target films to their melting point, after which the spatial variation of the laser beam will induce a thermocapillary flow away from the center point of exposure. Substrate destruction is avoided by using a polymer with high transmittance at the laser operating wavelength and fast scan rates of the laser. Metals with elevated reflectivity rates can be patterned using increased laser intensities or by depositing thin NIR absorption layers, thereby lowering the required flux intensity by over a factor of 2.
The use of the scan system allows for complex shapes to be dewetted into the metallic target layer to form patterned metallic films on flexible polymer substrates. Resistance measurements confirmed that a single pass of the laser leaves no connecting conductive material in the exposed area, thus ensuring electrically isolated features. Finally, by making partially overlapping passes, the dewetting high temperature metal can be "pushed" in a directional manner, which gives rise to thicker features without the need for additional deposition steps.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/15/3165/s1, Figure S1 : Ni films deposited to a thickness of (a) 320 nm on glass, (b) 320 nm on Par-C, and (c) 640 nm on Par-C. All lines processed using the laser at 10 W with 2.5 µs pulses at 100 kHz. Films on glass were scanned at 0.3 m/s while films on Par-C were scanned at 0.2 m/s. All features are created at a 50 µm line-to-line pitch. Figure S2 : Bi-coated Ag films deposited on Par-C. Films were processed from the (a) "front" at 10 W where the Bi-film is directly exposed and from the (b) "back" at 40 W where the laser is routed through the glass and Par-C substrate to hit the Ag film directly bypassing the Bi film. Features are created using a 50 kHz, 5 µs regime and scanned at various speeds. Figure S3 : Ni-coated Ag films deposited on Par-C. Films were processed from the (a) "front" at 20 W where the Ni-film is directly exposed and from the (b) "back" at 40 W where the laser is routed through the glass and Par-C substrate to hit the Ag film directly bypassing the Ni film. Features are created using a 50 kHz, 5 µs regime and scanned at various speeds. Funding: This research was funded by the US Government.
